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Grain fractionThe metastable beta titanium alloy Ti-5Al-5V-5Mo-3Cr is characterised by multifaceted mechanical prop-
erties (high - strength, hardened, ductile) depending on applied heat treatment. Compared to a-b tita-
nium alloy Ti-6Al-4V, a higher tensile strength up to 1400 MPa as well as a yield strength of 1250 MPa
can be achieved. As a result, Ti-5553 is used for special aerospace applications e.g. landing gear compo-
nents or helicopter rotors.
Aim of this paper is to study the processibility of Ti-5553 by using selective laser melting. First, a suit-
able and stable process parameter set for a reference grain fraction (10–63 lm) have been developed.
Second, variations of grain size distribution will be taken into account, so that a high material density
as well as high surface quality can be achieved. Furthermore, an identical process window was applied
on fine and coarse grain fractions to show effects regarding material porosity.
Material densities above 99.93% were achieved by optimisation of energy input during selective laser
melting process. However, the use of reference fraction (10–63 lm) allowed the highest material density.
Regarding to surface quality, an impact of coarse grain (53–63 lm) was identified and an optimised grain
size distribution derived. An optimum averaged surface roughness could be calculated, using a grain size
between 25–32 lm.
 2016 Ain Shams University. Production and hosting by Elsevier B.V. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
The additive manufacturing technology enables an energy - and
resource - efficient generation of lightweight components with
outstanding geometric variety. In this context, selective laser melt-
ing (SLM) shows a considerable potential in AM - technologies,
because of increased geometrical freedom as well as fast near net
shape production with reasonable roughness [1]. Within the pro-
cess, a defined powder layer is applied on a substrate plate and
subsequently exposed by means of a laser. Due to the cyclical rep-
etition, high performance structures can be generated. Manufac-
turing of functional components requires high material density
as well as suitable mechanical properties. By using SLM process,
material densities of almost 100% can be achieved [2,3]. Different
metallic powder materials like stainless steel, aluminium and tita-
nium alloys are already extensively used for additive manufactur-
ing process [4–6]. In particular, the processing of the conventionalTi-6Al-4V alloy is known from the state of the art [7–9]. Generative
manufactured components are currently used in the aircraft indus-
try, due to the high specific strength, low weight and excellent cor-
rosion resistance. Looking for higher tensile and yield strength
compared to Ti-6Al-4V a metastable beta titanium alloy Ti-5553
came into consideration [10]. So the scope is extended especially
in highly stressed components. Typical applications of Ti-5553
components can be found in aerospace industry as well (landing
gear, fuselage and wing) [11,12].
Due to increasing industrial dissemination of SLM technology,
process efficiency becomes particularly important. One crucial
aspect for processing metallic materials is the property profile of
powder (grain size and grain size distribution). Studies, which refer
to parameter setting and the resulting mechanical properties, were
already carried out [13,14]. By the change of grain size fraction,
also the best possible parameter setup is significantly affected. In
this context, necessary component properties such as material
density and surface quality are changing. The effect of different
particle sizes and their influence on material density as well as sur-
face quality will be discussed in this paper.(2016),
Table 1
Particle size characterisation per ASTM B214.
Grain fraction
[lm]
Particle size
[lm]
OVERSIZE% BY
MASS
Undersize% by
mass
10–63 663 > 25 >63 lm (0.1) 625 lm (12.9)
53–63 663 > 53 >63 lm (0.2) 653 lm (5.9)
45–53 653 > 45 >53 lm (11.2) 645 lm (3.0)
32–45 645 > 32 >45 lm (3.3) 632 lm (13.1)
25–32 632 > 25 >32 lm (1.4) 625 lm (3.9)
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During test series, metastable beta titanium alloy Ti-5553 was
processed by SLM procedure. The used titanium powder was pro-
duced by plasma atomisation. After atomisation, particles showing
a spherical shape and a defined range of grain fractions (Fig. 1). The
powder exhibits sufficient flowability and packing properties. The
analysis of the particles was carried out by a scanning electron
microscope (SEM) Leo 1455 VP. The surfaces of examined particles
can be described as smooth with negligible quantity of satellites.
The material density of Ti-5553 is 4.65 g/cm3 and themelting
point is between 1604 and 1660 C [10]. The following particle
fractions have been considered for the performed investigations:
25–32 lm, 32–45 lm, 45–53 lm and 53–63 lm. As reference, a
typical grain fraction of 10–63 lm was chosen. Table 1 shows
the particle size distribution depending on predefined grain frac-
tions (test method: ASTM B214). The following chemical composi-
tion (wt%) can be calculated: 4.8% Al, 4.8% Mo, 5.2% V, 3% Cr, 0.35%
Fe and as balance Ti. Compared to the a-b titanium alloy Ti-6Al-4V,
the addition of molybdenum increases the corrosion resistance.
The vanadium content provides higher wear as well as heat resis-
tance. By alloying Chromium, the heat resistance and corrosion
resistance can be improved as well [10].3. Experimental conditions
3.1. Experimental equipment
Specimens used in research series were fabricated on SLM 125
HL from SLM Solutions GmbH, which has a build chamber size of
125  125  125 mm3. As energy source, a fibre laser was used
with a maximum power of 400 W (cw). The SLM process parame-
ters such as laser power and laser focus (fLaser = 80 lm) were
retained constant during the studies. The process environment like
platform preheating (T = 200 C) and O2 content (<0.10%) remain
unchanged in all research series. A homogenous layer thickness
(t = 30 lm) was generated using a coating system with integrated
polymer wiper.3.2. Test geometries
For an investigation of material density, a simple cube geometry
(10  10  10 mm3) was constructed for each particle size distribu-
tion. Therefore reflected light microscopy analysis at horizontal
surfaces would be possible. Furthermore, roughnessmeasurements
were realised at a sheet geometry 22  22  3 mm3 (x/y/z), which
enables a determination of averaged surface roughness in centre
over a defined traversing length. The sheets for the roughness mea-
surements were produced considering identical process parame-
ters in comparison to test series of cube geometries.10 µm
Figure 1. SEM analysis of particle shape
Please cite this article in press as: Zopp C et al. Processing of a metastable tit
http://dx.doi.org/10.1016/j.asej.2016.11.0043.3. Exposure strategy and welding energy
As scan strategy, a stripe hatching in X/Y direction with incre-
mental angel of 79 was selected. In order to produce a homoge-
neous melting pool of the powder along the scan vector, the
applied welding energy ES [J/mm] is defined by [15]:
ES ¼ PLvS ð1Þ
Laser power PL [J/s1] and scanning velocity vs [m s1] are
changing welding line characteristics in width and depth [16]. Ten-
dencies with regard to initial parameters for Ti-5553 are derived
from a-b-titanium alloy (Ti-6Al-4V). Welding energy in [17] was
varied between 0.24 J/mm and 0.30 J/mm for building up speci-
mens with high material density. In this context, first test param-
eter were selected in a wide range (0.18–0.58 J/mm) for
determining an optimum material density by using reference frac-
tion (10–63 lm). Second, an optimum welding energy from refer-
ence grain fraction was used to build up test specimens with
different particle sizes. A suitable process window modification
was performed between 0.26 and 0.33 J/mm. Resulting hatch dis-
tance (h) has been adjusted in the range of 0.08–0.12 mm. After
parameter setting, a constant welding energy was used for all grain
fractions to ensure comparability. Furthermore, roughness speci-
mens have been generated for an analysis of resulting surface qual-
ities depending on particle sizes. Exposure parameters were
selected based on material density results.
3.4. Material testing
Examinations regarding material density were conducted by
using a reflected light microscope KEYENCE VHX-600. Surface
measurements for investigating the resulting pore size distribu-
tions were used for calculation of material density. Necessary met-
allographic specimen preparation were performed with different
grinding procedures. First, coarse abrasive paper with 320 grit size
was used up to fine 4000 grit size. Furthermore, test specimens
were polished using a solution with diamonds and cooling
lubricant.
Tactile roughness measurements were performed along
AM fabrication direction (1) according to DIN EN ISO 3274. The10 µm
(Ti-5553, particle size 25–32 lm).
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Figure 2. Sheet geometries for roughness measurement.
C. Zopp et al. / Ain Shams Engineering Journal xxx (2016) xxx–xxx 3measuring length was set at 12.5 mm. A roughness filter consider-
ing Gaussian curve was selected with a sampling length of 2.5 mm.
The measurement was carried out with the Mahr Perthometer M1.
Fig. 2 shows a typical set of sheet produced in one process
sequence.4. Results
4.1. Material density
Welding energy inputs between 0.18 – 0.58 J/mm have gener-
ated a broad distribution of material densities. Resulting porosities
depending on predefined interval boundaries are shown in Fig. 3.
The effect of insufficient energy input was evident using a welding
energy of 0.18 J/mm as well as hatch distance of 0.12 mm (Fig. 3a).
An increase of exposure energy up to 0.58 J/mm and a hatch dis-
tance of 0.08 mm increased the resulting porosity. It was deter-
mined to 97.92% (Fig. 3b).
For reference fraction, a high density of approximately 100% has
been achieved with an optimum welding energy (0.26 J/mm) as
well as hatch distance of 0.10 mm. Within the parameter setup
between 0.26–0.31 J/mm and 0.10 mm hatch distance only small
differences (0.06%) in porosity were determined. Results regarding
to material density with a constant welding energy are shown in
Table 2. Applying a welding energy of 0.26 J/mm the resulting
material porosity increased between 0.14 and 0.17% for coarse
grain fractions (45–53 lm, 53–63 lm). Particle sizes between 25
and 32 lm and 32–45 lm have shown density values above
99.97% in comparison to reference fraction.
In a next step for each selected grain size distribution an opti-
mum energy input was developed. Coarse particles (53–63 lm)
were processed using a welding energy of 0.31 J/mm. The resulting
material density is 99.94%. Processing fine particles (25–32 lm),
also high density values were evident with an optimum of
99.97%. In comparison to material densities of coarse particles,
small differences up to 0.03% could be determined. Resulting met-
allographic figures in connection with adjusted welding energy are
illustrated in Table 3.
4.2. Surface roughness
After parameter setting, sheet specimens were produced for
investigating the effect of particle size distribution on resulting
surface qualities after SLM-procedure. Results of tactile surface
measurements are shown in Fig. 4. The highest value for averaged
surface roughness (Rz = 109 lm) could be achieved by processing
particle sizes between 53 and 63 lm. In this context, coarse grains
generated a higher surface roughness in comparison to reference
fraction (Rz = 99 lm). Optimum averaged surface roughness
(Rz = 69 lm) resulted by using a fine grain fraction of 25–32 lm
(Fig. 4a). The highest difference (Rz = 40 lm) with regard to surfacePlease cite this article in press as: Zopp C et al. Processing of a metastable tit
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more, a continuous increase of averaged surface roughness was
evident based on fine to coarse particle sizes. Investigations con-
sidering effects on surface quality with regard to welding energy
were performed by using reference fraction (Fig. 4b). In this con-
text, Rz-value differences of 3 lm between both welding energies
could be achieved.5. Discussion
In addition to exposure parameter setting (laser power, scan
velocity, hatch distance, etc.) as well as system parameters (pre-
heat temperature, O2 content, etc.), raw material quality (particle
shape, grain size distribution, sufficient flowability, etc.) is highly
important for a reliable AM process. Furthermore, influencing
parameters are described in [18,19]. In order to produce compo-
nents with a high material density in combination with a low sur-
face roughness, the grain size distribution of powder material must
be considered.
The results for reference fraction (10–63 lm) are showing a
material density of almost 100% by using a welding energy of
0.26 J/mm. Processing of predefined grain size fractions with iden-
tical exposure parameters is resulting in a decrease of material den-
sity. Especially coarse particle sizes (53–63 lm) showed a
significant decrease of material density (99.82%). In this context,
the welding energy is not sufficient and must be adjusted to
0.31 J/mm in order to melt the coarse particles completely. Only
for particle sizes between 32 and 45 lm, the same optimum weld-
ing energy in comparison to reference fractionwas determined. The
root cause of this phenomena is a comparable average particle size
to reference fraction (d50 = 38 lm). Comparable processing beha-
viour, the smallest investigated grain size distribution has showed.
Choosing a layer thickness of 30 lm leads to low surface rough-
ness in comparison to layer thickness between 50 and 70 lm. In
addition, the stair effect at 30 lm layer thickness is negligible for
most technical applications [18].
Optimumwelding energy is depending on powder properties as
well as layer thickness to achieve maximummaterial density. If the
powder only contains coarse grains (particle size layer thick-
ness) no homogenous and stable AM process is achievable. During
recoating larger particles will be transported into overflow cam-
bers by the blade or wiper. However, AM build-up is still possible.
At each second or third layer, the gap between recoating element
and substrate is large enough to deposit powder material. There-
fore big variations in material density resulted during the per-
formed studies.
The surface quality is discussed by means of Rz depending on
selected particle size distribution. Typically, finer grain size frac-
tions leads to better surface quality in comparison to coarse grain
sizes. So the best possible surface roughness was achieved by using
tested 25–32 lm fraction. Surface roughness is essentially depen-
dent on shape and size of connected powder particles [15]. For this
reason, the surface quality is directly determined by the particle
size fraction. In this context, welding energy and resulting surface
quality are in close correlation (maximummaterial density as opti-
misation criteria). Results considering two different welding ener-
gies have shown that the difference between 0.23 and 0.26 J/mm
are negligible. For a significant impact, additionally lowering of
welding energy for boundary parameters will be necessary. How-
ever, reduced welding energy may cause a decrease of relative
material density. For productivity, a balance between high scan
velocity and high material density as well as surface quality is
evident.anium alloy (Ti-5553) by selective laser melting. Ain Shams Eng J (2016),
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Figure 3. Material densities depending on welding energy as well as hatch distance for examining an optimal parameter setting (a) Es = 0.18 J/mm, h = 0.12 mm (b)
Es = 0.58 J/mm, h = 0.08 mm.
Table 2
Material density considering a constant welding energy ES = 0.26 J/mm.
Grain fraction [lm] 10–63 25–32 32–45 45–53 53–63
Figure
Density [%] 99.99 99.97 99.98 99.85 99.82
Table 3
Material density depending on modified welding energy ES = 0.26–0.31 J/mm.
Grain fraction [lm] 25–32 32–45 45–53 53–63
Figure
Welding energy [J/mm] 0.26 0.26 0.27 0.31
Density [%] 99.97 99.98 99.93 99.94
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Figure 4. Roughness measurements depending on (4a) different particle sizes (4b) welding energies.
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The present paper investigates processibility of the Ti-5Al-5V-
5Mo-3Cr (Ti-5553) by using selective laser melting based on differ-
ent particle size distributions. First, suitable and stable process
parameters for a reference grain fraction (10–63 lm) have been
developed. Second, different grain size fractions have been taken
into account. The developed process window based on reference
fraction was applied on fine and coarse grain fractions to show
effects regarding material porosity as well as surface quality.
In this context, welding energies must be substantially adapted
to the grain size distribution in order to achieve high materialPlease cite this article in press as: Zopp C et al. Processing of a metastable tit
http://dx.doi.org/10.1016/j.asej.2016.11.004density. Especially coarse fractions have shown lower material
density at reference energy input. Furthermore, roughness mea-
surements were performed to determine Rz values depending on
grain size distributions. As a result, a continuous increase of parti-
cle sizes will decrease surface quality significantly. An optimum
averaged surface roughness was achieved by using finest examined
grain size distribution (25–32 lm).
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